Mid-ocean ridge basalts (MORB) are the most abundant magmas produced on Earth. They are widely studied to infer mantle compositions and melting processes. However, MORB liquids are also the complex end-product of a variety of intra-crustal processes such as partial or fractional crystallization, melt-rock interaction, and contamination. Deciphering the relative contribution of these different processes is of first-order importance. Contamination at ocean crustal levels is likely, and may occur at magma chamber margins where fresh magmas can interact with previously hydrothermally altered rocks. Characterizing the composition of this crustal contaminant component is critical if we are to understand the relative importance of each component in the resulting MORB liquid.
Introduction
Magmatism at mid-ocean ridges represents the largest igneous process on Earth, and plays a key role in global geodynamic cycles, from mantle melting to lithosphere recycling via subduction zones. The bulk composition of the hydrothermally altered oceanic crust is utilized in attempts to quantify chemical and isotopic cycles within the mantle (e.g., Hofmann and White, 1982; Alt et al., 1986; Moreira et al., 2003) . That of Mid-Ocean Ridge Basalts (MORB), the shallowest manifestation of this magmatism, is commonly utilized to assess mantle composition and heterogeneities, melting parameters (e.g., Rubin et al., 2009) , crustal thermal structure (e.g., Rubin and Sinton, 2007) and/or thickness (e.g., Klein and Langmuir, 1987) . Nevertheless, before reaching the seafloor, MORB are likely to experience a suite of crustal processes: not simply partial or fractional crystallization but also reactive melt migration during porous flow, replenishment, and contamination/interaction with sea water and hydrothermally altered components, all of which have the potential to skew the mantle chemical signal in the resultant liquid (e.g., Grove et al., 1992; Coogan et al., 2003; Klein, 2003; Lissenberg and Dick, 2008; France et al., 2009a France et al., , 2013 Koepke et al., 2011; O'Neill and Jenner, 2012; Lissenberg et al., 2013) .
At fast spreading ridges, the magmatic system is composed of a thick crystal mush (hereinafter referred to as 'the main magma chamber') containing only a few percent of melt (probably much less than 20%, e.g., Caress and Burnett, 1992; Crawford et al., 1999; Lamoureux et al., 1999; Dunn et al., 2000) , overlain at the top of the lower crust by a thin (~50-100 m) and narrow (~1000 m) melt lens filled predominantly with melt ( Figure 1a , e.g., Morton and Sleep, 1985; Detrick et al., 1987) . This sub-axial melt lens feeds an upper crust formed of dikes and lavas (Sinton and Detrick, 1992; Singh et al., 1998; MacLeod and Yaouancq, 2000; Einaudi et al., 2003; France et al., 2009a; Koepke et al., 2011; Wanless and Shaw, 2012) . All processes occurring within and around this melt lens will influence MORB composition.
Partial or fractional crystallization, reactive melt flow, and replenishment cycles are commonly considered as being the principal processes modifying the chemical signal of MORB (e.g., Grove et al., 1992; Klein, 2003; O'Neill and Jenner, 2012; Lissenberg et al., 2013) . Nevertheless, some authors have presented evidence that a contaminating component is involved at various oceanic sites, either in present day oceanic crust (Michael and Schilling, 1989; Chaussidon and Marty, 1995; Michael and Cornell, 1998; Haase et al., 2005; Le Roux et al., 2006; Wanless et al., 2010; France et al., 2009a; Koepke et al., 2011) , or in ophiolites (Gillis and Coogan, 2002; Coogan, 2003; Coogan et al., 2003; Gillis et al., 2003; France et al., 2009a France et al., , 2013 . Contamination of MORB may occur during seafloor eruptions through interaction with seawater (e.g., Michael and Schilling, 1989) , or at magma chamber margins where fresh MORB may interact with hydrothermally altered crust (Gillis and Coogan, 2002; France et al., 2009a France et al., , 2013 Wanless et al., 2010; Koepke et al., 2011) . Detailed studies performed at the East Pacific Rise (EPR), and in the Oman and Troodos (Cyprus) ophiolites have shown that the melt lens is a dynamic horizon that can migrate up and down with the potential to reheat, assimilate, and possibly re-melt the previously hydrothermally altered dikes (Figure 1b; Pedersen, 1986; MacLeod and Rothery, 1992; Hooft et al., 1997; Coogan et al., 2003; Gillis, 2008; Wilson et al., 2006; France et al., 2009a France et al., , 2013 Koepke et al., 2011) . Reheating and assimilation can be associated with dehydration and/or hydrous partial melting of the previously altered rocks and thus can trigger contamination of the melt lens; it is therefore likely to represent the principal crustal contaminant in MORB (Figure 1; Pedersen and Malpas, 1984; Coogan et al., 2003; France et al., 2009a France et al., , 2013 Koepke et al., 2011) .
Small but ubiquitous leucocratic or felsic intrusions (often termed 'oceanic plagiogranites', see Koepke et al., 2007 for a review of this term) observed close to oceanic magma chamber roofs also attest to the crystallization of such anatectic melts (Figure 2a ; e.g., Pedersen and Malpas, 1984; Gillis and Coogan, 2002; Coogan et al., 2003; Rollinson, 2009; Grimes et al., 2013) , although oceanic plagiogranites can also be produced by extreme fractionation of MORB melts (e.g., Pedersen and Malpas, 1984; Berndt et al., 2005; Rollinson, 2009; Grimes et al., 2011) . To date, oceanic plagiogranites have mostly been recognized from the sheeted dike / gabbro transition of ophiolites. In present day oceanic crust this transition has only been sampled sparsely in three locations (ODP Hole 1256D, Pito Deep and Hess Deep), at two of which the equivalent lithologies have been recognized in the form of small silica rich veinlets. The genesis of those anatectic melts is associated with the formation of a companion residual assemblage, consisting mostly of plagioclase, clinopyroxene, orthopyroxene, and oxides: hornfelses with a characteristic granoblastic texture (Figure 1b, 2b) . Corresponding rocks are recognized in present day oceanic crust Gillis, 2008; Koepke et al., 2008; France et al., 2009a; Marks et al., 2011; Teagle et al., 2012) and in the ophiolites of Norway, Oman and Troodos (Pedersen and Malpas, 1984; Pedersen, 1986; Coogan et al., 2003; Gillis et al., 2008; France et al., 2009a) .
In past studies, they were variously termed granoblastic dikes / basalts Gillis, 2008; Koepke et al., 2008; France et al., 2009a Teagle et al., 2012) , hornfelsic 5 residues (Gillis, 2002 (Gillis, , 2008 , or recrystallized dikes Wilson et al., 2006) . Those residual assemblages are also alternatively interpreted as pure metamorphic dehydrated lithologies (e.g., Gillis and Roberts, 1999; Wilson et al., 2006; . Hornfels, their original name (Gillis and Roberts, 1999) , will be used hereinafter to describe these lithologies. At fast spreading ridges, hornfelses are recovered within the root zone of the sheeted dike complex over a distance of some tens of meters away from the dikegabbro boundary (Figure 1 ; e.g., Coogan et al., 2003; Wilson et al., 2006; Gillis, 2008; Koepke et al., 2008; France et al., 2009a) , and should therefore be regarded as part of the main suite of lithologies that forms the oceanic crust. Numerous hornfels xenoliths are also observed within the horizon of isotropic gabbros that are thought to result from the crystallization of the melt lens ( Figure 1 ; Wilson et al., 2006; Gillis, 2008; Koepke et al., 2008 Koepke et al., , 2011 France et al., 2009a .
Determining the composition of the anatectic melt and of the associated residual hornfels is key to (i) identifying those lithologies in natural settings, (ii) identifying and tracking the crustal contamination component in MORB, (iii) and improving our knowledge of chemical budgets in the oceanic crust.
In order to simulate the natural processes of partial melting and assimilation conducted partial melting experiments of dikes sampled from the Oman ophiolite.
These dikes are considered to be representative of the hydrothermally altered roofs of fast spreading ridge magma chambers. documented the phase assemblages and major element compositions of experimental melts and residual crystals and compared them with natural examples of anatectic melts and associated residual hornfels assemblages from recent oceans and ophiolites. They demonstrated that: (i) the melts thus generated are of calc-alkaline character ( Figure 3) ; (ii) the melts have compositions matching those of numerous oceanic plagiogranites ( Figure 3) ; and (iii) residual assemblages are similar to natural hornfels.
A limitation of 's study was that trace elements were not analyzed in the experimental products. Recent work has, however, shown that trace elements are in many respects far more sensitive than major elements in constraining details magma chamber processes (e.g., Klein, 2003; O'Neill and Jenner, 2012; Lissenberg et al., 2013) . Accordingly, in the current paper we present trace element analyses of the experimental products of , and compare them to compositions of natural samples from the EPR (IODP 6 Hole 1256D) and the Oman ophiolite. The new results are used to discuss key processes occurring within oceanic magma chambers, and to quantify the composition of the principal MORB crustal contaminant.
Experimental and analytical techniques
Hydrous partial melting experiments were performed using a representative sample of hydrothermally altered dikes as a starting material: a fully altered basaltic dike (08OL30) from the Aswad area (Sumail massif) of the Oman ophiolite. Details of experimental conditions and starting material are given in , but the main characteristics of the experimental setup are summarized here.
After crushing in a homemade stainless steel mortar, three fractions (30-100 µm, 100-150 µm, and 150-250 µm) were used in a preliminary experiment to control the effect of grain size on the experimental results. No effect of the starting material grain size on resultant chemistry was identified . For the experiments, the 150-250 µm fraction was used for trace element measurements, as it allowed us to obtain the largest melt pools. Conditions were chosen to match those prevailing at the base of the sheeted dike complex: pressure was 100 MPa, oxygen fugacity varied between FMQ+1.2 and +1.6 (where FMQ is the fayalitemagnetite-quartz oxygen buffer equilibrium), in agreement with results on natural samples 2009a , and temperature ranged from 850 to 1030°C. Because of the presence of strongly hydrated phases in the starting material, all experiments were water-saturated. That water saturation was achieved is confirmed by the systematic occurrence of bubbles in anatectic melts.
Major and trace element concentrations of starting materials, and of EPR samples (hornfelses from IODP Hole 1256D; see Table A1 for sample localities) were determined by ICP-OES and ICP-MS, respectively at the Service d'Analyse des Roches et des Minéraux (SARM, CRPG, France) . Analyzes were performed using HNO 3 solutions prepared from fused glass.
Details of sample preparation, analytical settings and conditions, and detection limits, are given in Carignan et al. (2001) . Analytical uncertainties are 2% for major elements, and 5 to 10% for trace element concentrations.
Major and trace element abundances of Oman ophiolite samples (dikes and hornfelses from Wadi Abyad; see Table A1 for sample localities and petrological information) were determined at Cardiff University using a JobinYvon Horiba Ultima 2 ICP-OES, and a ThermoElemental X7 ICP-MS equipped with a Cetac AS-500 autosampler, respectively. For major elements, ~2g of sample was ignited in a furnace at 900°C to drive off volatiles and determine loss on ignition values. Samples were then dissolved using the lithium metaborate fluxy-fusion dissolution method outlined in McDonald and Viljoen (2006) . For trace elements, 200 mg of each sample were dissolved in concentrated HF on a hotplate (100°C) in a Teflon pot for the night, evaporated down and re-dissolved in concentrated HNO 3 , and left on a hot plate one more night. The obtained solution was then evaporated to dryness; the resulting powder was taken up in 5 ml of 5 M HNO 3 prior to dilution with deionized water to a final volume of 50 ml. Calibration was against international rock standards (BIR and BEN), and prepared in the same way as the samples.
Major element compositions of experimental melts were obtained using a Cameca SX100 electron microprobe (Institüt für Mineralogie, Hannover) equipped with 5 spectrometers, utilizing 'Peak sight' software. All analyses were performed using a 15kV acceleration potential, a static (fixed) beam, Kα emission from all elements. The matrix correction was based on Pouchou and Pichoir (1991) . Analyses of glasses were performed with a beam current set to 2 to 6 nA to minimize migration and volatilization of the alkali elements. Cl was analyzed subsequently using a beam current of 20 nA. Counting time was from 2 to 5 s for Na and K and from 5 to 10 for other elements (Si, Ti, Al, Mg, Fe, Ca, Mn, Cr, Cl Fahey et al., 1987) . 30 Si was used as the reference mass, though we found that the choice of reference element introduced no systematic offset in the results.
The calibration factor was determined from the measurement of NIST 610 (Reed, 1992; Pearce et al., 1997) at the beginning and the end of each analytical session. Typical error on the samples (1 sigma error of mean: σ/√n, n = number of cycles) is less than 15% for all trace elements, except for Tb, Er, Lu, Hf (<17.5%), Th (23%) and U (32%). Signal stability was also carefully monitored for every analysis. All pits were checked using SEM imaging after analyses to ensure that only melts were analyzed.
Li-Be-B concentrations of experimental melts were determined using a Cameca IMS-1270 ion probe at CRPG (Nancy, France contamination, the 10 first cycles were not considered. Again, 30 Si was used as the reference mass. The calibration factor was determined from the measurement of GB4 standard (a silicate glass classically used as the CRPG internal standard for Li, Be, B measurements) at the beginning and the end of each analytical session. Data validity was checked by analyzing UTR2, NBS614 and NBS617 standards as unknown (UTR-2 glass from Stix and Layne, 1996) . Typical error on the samples is around 15% for Li, Be, B. Signal stability was also carefully monitored for every analysis. All pits were checked using SEM imaging after analyses to ensure that only melts were analyzed.
Results

Experimental starting material and products
The starting material (dike sample 08OL30 from the Aswad area of the Oman ophiolite) composition is characteristic of the Oman ophiolite basalts (Tables 1, 2 ; . previously hydrothermally altered dikes has the potential to produce oceanic felsic rocks . Residual assemblages are multi-mineral assemblages and their bulk composition cannot be analyzed directly. Nevertheless, they can be calculated by using the starting material whole rock composition and the melt composition, using the mass balance equation (1).
where x is the melt fraction. We consider this procedure to be valid, since (because of the character of the starting material: mostly hydrated greenschist-facies minerals) we found the reactions to be always very efficient, even at low-temperatures, and phases of unreacted starting material in the experimental results to be almost completely absent . This latter observation is something that is often not achieved in partial melting experiments using natural rocks as starting material (for details see Johannes and Koepke, 2001 ). determined x using least square calculations after the major element compositions of the starting material (= whole rock), and of the phases (93 % of melt at 1030°C; 70 % at 1000°C; 50 % at 970°C; 40 % at 955°C; 27 % at 940°C; 7 % at 910°C; 2 % at 880°C; 1 % at 850°C). Calculated major element compositions of the bulk residual assemblage are reported in Table 1 The starting material (sample 08OL30) displays rare earth element (REE) concentrations (Table 2) In natural settings, the degree of hydrous partial melting is rather low (≤50% in all studied cases on the basis of major element compositions of experimental products and corresponding natural samples; France et al., 2009a; . Trace element concentrations of residual assemblages calculated for the lowest degree of partial melting for which we were able to measure them (at 955°C: 40% melt, 60% residue) using equation (1) are presented in Table 2 .
Analytical standard deviations provided for starting material analyses have been considered to calculate minimum and maximum concentrations for the residue (Figure 6 ). N-MORB normalized compositions of residues are strongly depleted in light REE (LREE), and display a positive Eu anomaly (Eu/Eu*=2.14). The calculated residues are also strongly depleted in High Field Strength Elements (HFSE: Nb, Ta, Zr, Hf) relative to elements of similar incompatibility, and enriched in Sr (Figure 6 ).
Natural oceanic rocks
New analyses of dikes and hornfelses from the Oman ophiolite, and of hornfelses from the EPR (IODP Hole 1256D) are presented here (Table 4) together with data from the literature.
All information concerning the samples used here, including the source of the data (whether from this study or the literature) is summarized in Table A1 . Existing data are EPR dikes and hornfelses from IODP Hole 1256D Yamazaki et al., 2009) , and plagiogranites sampled at the sheeted dike / gabbro transition in the Oman ophiolite (Pallister and Knight, 1981; Rollinson, 2009) . REE contents of oceanic plagiogranites from Oman ophiolite are up to 3 times higher than N-MORB. Their REE patterns are relatively flat and commonly display Eu negative anomalies.
Nb-Ta are depleted and Zr-Hf enriched relative to elements of similar incompatibility; and Ba, Th, and U are strongly enriched relative to Rb.
Discussion
The mid-crustal axial melt lens that is normally present at fast-spreading mid-ocean ridges is generally regarded as playing a central role in feeding most of the upper crust (e.g., Sinton and Detrick, 1992; MacLeod and Yaouancq, 2000; Koepke et al., 2011; Wanless and Shaw, 2012 ) and, to some authors, part of the lower crust also (e.g., Quick and Denlinger, 1993; Henstock et al., 1993; Phipps Morgan and Chen, 1993; Boudier et al., 1996; Nicolas et al., 2009) . It is therefore important to understand the range and extent of processes that have the potential to skew the chemical composition of melts within it.
Short length-scale variations in depth to the melt lens along the East Pacific Rise -in places of the order of hundreds of meters vertically over only lateral distances of several kilometers (e.g., Carbotte et al., 2013) -imply that the melt lens migrates up and down on a timescale potentially of decades to centuries (Hooft et al., 1997; Babcock et al., 1998; Gillis and Roberts, 1999; Gillis and Coogan, 2002; France et al., 2009a) . This implies a variable localscale thermal structure, probably related to magma replenishments to the melt lens.
Because hydrous partial melting of altered rocks starts at ~850°C , a temperature largely below that of the basaltic magmas believed to fill the melt lens (e.g. Sinton and Detrick, 1992; MacLeod and Yaouancq, 2000; Coogan et al., 2003; Nicolas et al., 2008; Wanless and Shaw, 2012) , anatexis is expected to be ubiquitous along fast spreading ridges, at least in the vicinity of the magma chamber roof (provided water is available, which would be the case if dikes are hydrothermally altered). The heat necessary to trigger partial melting could be delivered either by vertical or lateral migrations of the melt lens, or by its inflation due to magma replenishment (e.g., Coogan et al., 2003; France et al., 2009a) .
In this study, together with the work of , we constrain the composition of anatectic melts and associated residual lithologies produced at magma chamber roofs and margins: the environment where hot fresh melts interact with previously hydrothermally altered country rocks. Here we discuss the presence of residual lithologies at oceanic magma chamber roofs (section 4.1), and the fate of the produced hydrous melts (section 4.2). Finally we attempt to identify chemical markers of melt contamination related to anatectic melts mixing with MORB melts in the melt lens (section 4.3).
Trace element concentrations of products (melt and residue) strongly depend on the protolith composition. All results discussed in the following sections are therefore normalized relative to the likely protolith, i.e. to the sheeted dike complex of each studied region, which we consider to be the rocks that formed the initial magma chamber roof (Figure 7 ).
Fate of residual assemblages: hornfelsic dikes and enclaves
Investigations of the base of the sheeted dike complex have been conducted in the Troodos and Oman ophiolites (Rothery, 1983; MacLeod and Rothery, 1992; Gillis and Roberts, 1999; Gillis, 2002; Gillis and Coogan, 2002; Gillis, 2008; Nicolas et al., 2008; France et al., 2009a) , and at several locations along the EPR (Hess Deep, Pito Deep, ODP Hole 1256D; Gillis, 2008; Koepke et al., 2008; France et al., 2009a) . In all sites studied the sheeted dike complex root has been extensively recrystallized to hornfelsic assemblages, which differ both petrologically and texturally from normal sheeted dikes. These recrystallized assemblages have been interpreted by previous authors as being formed either through dehydration or by anatexis; in both cases the protolith is considered to be previously hydrothermally altered dike rock.
Trace element contents of all hornfels samples studied herein have been normalized to the sheeted dike composition of the respective studied areas (Figure 7) , and the experimental anatectic residue composition has likewise been normalized to the starting material (altered dike) composition.
We find that the experimental residue is depleted in LREE, HFSE (more strongly depleted in Drouin et al., 2009) . These characteristics are also found in the natural hornfelsic samples from the EPR and from the Oman ophiolite (Figure 7 ). Similarities between experimentally produced residues and natural hornfels are striking, and support the hypothesis that they result from the same petrogenetic process. Depletions in fluid-immobile elements such as HFSE highlight that dehydration alone cannot explain the depleted trace element patterns: dehydration would not trigger HFSE depletion relative to REE. Anatexis is thus essential to fractionate those elements and thereby produce hornfels (Figure 8 ). In comparison to experimental residue (generated at a melting degree of 40%), Oman hornfelses display REE patterns that vary from more depleted to similarly depleted (Figure 7b ). It shows that partial melting in the Oman natural system probably reached a maximum of 40% but mostly proceeded at lower melting degree. Quartz is commonly present as a late xenomorphic interstitial phase in hornfelsic dikes and enclaves within varitextured gabbros France, 2009; France et al., 2009a) , suggesting that silica-rich anatectic melt may be locally trapped within the residual assemblage; a process which may produce trace elementenriched patterns. Hornfelsic enclaves within the isotropic gabbro horizon and close to its transition to underlying foliated gabbros are interpreted as dike root residues that have been stoped into the melt lens and frozen in the act of sinking to its floor France et al., 2009a; Koepke et al., 2011) . Elongate lenses of hornfels have also been observed within the underlying vertically foliated gabbros and tentatively related to sheeted dike root assimilation by Boudier et al. (2000) , an interpretation consistent with the present study. These observational constraints, together with the modal and chemical correspondence between natural hornfels and experimental residues (generated at partial melting degrees <50%), strongly support the premise that partial anatexis does occur. Total melting and associated full assimilation of generated melts may also occur locally but would leave little evidence.
The occurrence of hornfelsic, partially melted residual lithologies at the base of the sheeted dike complex will affect the physical properties of the upper ocean crust, and may in turn influence the hydrothermal system organization and the melt lens evolution through time.
Hornfelses display well-equilibrated textures (e.g., Koepke et al., 2008) , and are denser and less porous than altered dikes Violay et al., 2010) . The intense fracturing observed in drilled samples at ODP Hole 1256D (e.g., Teagle et al., 2012) is not described in dredged samples (e.g., Gillis, 2008) , or in ophiolites (e.g., Coogan et al., 2003; France et al., 2009a ), hence we interpret this feature as being related to the drilling process. Because of its inferred low primary permeability, hydrothermal circulation is thus expected to be less effective in hornfelses than in (less dense and more permeable) altered dikes. Heat transport is assumed to be hampered, operating mainly through conduction, a conclusion also reached by Gillis and Roberts (1999) , Coogan et al. (2003) and Gillis (2008) who named this horizon the 'conductive boundary layer' (following Lister, 1974) . Consequently, the temperature difference, and the temperature gradient between the top and the bottom of the hornfels horizon tends to decrease; according to a simple thermal flux balance presented by Coogan et al. (2003) , the decrease in temperature gradient should in turn result in upward migration of the melt lens and consequent roof assimilation. Anatexis of magma chamber roof may thus proceed and contribute to MORB contamination. This relatively thin conductive boundary layer (i.e. hornfels-dominated horizon) present between the magmatic and hydrothermal convective systems is typically ~100-150 m thick at EPR IODP Site 1256 (Teagle et al., 2012) , 25-45 m thick at Pito, and Hess Deep (EPR), and in the Oman ophiolite (Gillis, 2008) .
At 14°20'S EPR, a 50-60 m thick horizon, effectively the 'magma chamber roof', located just above the melt lens reflector, displays higher Vp than the overlying sheeted dike complex (Singh et al., 1999) . Similar Vp differences have been measured between hornfelses and altered dike samples (Violay et al., 2010) . Accordingly, we interpret the 'magma chamber roof' identified by Singh et al. (1999) at the EPR as being composed of hornfelses.
In summary, a growing body of evidence indicates that hornfels assemblages produced by hydrous partial melting of previously hydrothermally altered dikes are ubiquitous at roots of fast spreading ridges sheeted dike complexes. The widespread occurrence of hornfelses at magma chamber roofs implies that silica-rich anatectic hydrous melts are regularly generated along mid-ocean ridges. In following sections, we explore the fate of those anatectic melts.
Fate of anatectic melts: crystallization in situ and mixing
Crystallization in situ and genesis of oceanic plagiogranites at the gabbro / dike transition
The anatectic silica-rich melts should be highly viscous (η=10 4.4 Pa.s; , and can crystallize as intrusive plagiogranites close to the base of sheeted dikes (Figure 1 , 2).
Such felsic rocks are commonly observed close to oceanic magma chamber roofs in ophiolites and in present-day oceanic crust (e.g. Coleman and Peterman, 1975; Pedersen and Malpas, 1984; Lippard et al., 1986; Coogan et al., 2003; Teagle et al., 2006; Koepke et al., 2008; Nicolas et al., 2008; Grimes et al., 2013) . Comparison of plagiogranites selected from two areas of the Oman ophiolite with sheeted dikes from the same areas ( Figure   7 ) highlights that plagiogranites are REE enriched, display negative Eu and Sr anomalies, and enrichments in HFSE, Th, and U. Identical features are observed when comparing the experimental melt formed at 955°C with the starting material (altered dike): the enrichments and depletions are of similar intensities in natural and experimental samples (Figure 7 ). This direct comparability is therefore consistent with a model in which the studied plagiogranites are generated by anatexis of previously altered dikes.
An alternative model is that the plagiogranites may have been generated by extreme fractionation (e.g., Lippard et al., 1986; Rollinson, 2009; Grimes et al., 2011) . Brophy (2008 Brophy ( , 2009 showed that the two models could be distinguished on the basis of their REE enrichments ( Figure 9a ; Brophy, 2009 ). Brophy (2009) FC3 in Figure 9a ). The REE content of melts generated by the hydrous partial melting of a cumulate oceanic gabbro (from the lower oceanic crust) was also modeled (HPM in Figure   9a ; Brophy, 2009) . The striking similarity between our experimental anatectic melts, and those oceanic plagiogranites from the sheeted dike / gabbro transition, is therefore most consistent with an anatectic origin for the studied oceanic plagiogranites (Figure 9a ). It should be noted that the subsequent crystallization that may occur once the anatectic felsic melt is generated could also affect the trace element contents, as could subsequent hydrothermal alteration.
Mixing, and MORB contamination
If not crystallized in situ as plagiogranites, anatectic melts formed at magma chamber roofs can mix with mafic liquids present within the melt lens (Figure 1) , thereby skewing the chemical compositions of the latter. If the extent of mixing is low, peculiar lithologies may crystallize under high water activities close to magma chamber margins (France et al., 2013) , whereas full mixing would led to anatectic melts being entirely diluted within the magma chamber (e.g., Michael and Cornell, 1998; Coogan et al., 2003; Gillis et al., 2003; Wanless et al., 2011) . Based on Cl contents of EPR basalts, Coogan et al. (2003) proposed that 20 % of oceanic crust may be affected by such contamination at crustal levels. A significant contamination component has also been recognized in specific environments using volatile abundances and O isotopes of lavas at the tips of propagating ridge segments (Wanless et al., 2010; , and using low Nb/La in lavas (from 0.6 to 0.9 in contaminated samples) in regions of ridge / hot-spot interaction (Haase et al., 2005) . MORB contamination has also been proposed in 'normal ridge settings' (e.g., Michael and Cornell, 1998; Coogan et al., 2003; Le Roux et al., 2006; Cordier et al., 2007) , 2006) . In all these cases assimilation of anatectic melts appears to have been combined with a significant degree of partial or fractional crystallization of MORB.
In comparing these natural cases with our experimental results, simple concentrations of elements cannot therefore be utilized alone; the potential presence of an anatectic component is instead best detected by looking for incompatible trace element fractionations. Particularly sensitive are Nb depletions relative to REE (Nb/La~0.7 in our experimental melts), and U, Th, Zr, Hf enrichments relative to the starting material and to MORB. The average Cl/Nb value for the anatectic melts presented herein is ~80 and can explain the enrichment in some EPR basalts. It should be noted here that the Cl contents of our anatectic melts represent minimum values, as chlorine may be concentrated in the vapor phase that coexists with the melt.
How to track MORB contamination?
The aim of this study was not simply to produce another study showing that MORB crustal contamination does indeed occur (e.g., Michael and Schilling, 1989; Chaussidon and Marty, 1995; Michael and Cornell, 1998; Gillis and Coogan, 2002; Coogan, 2003; Coogan et al., 2003; Gillis et al., 2003; Haase et al., 2005; Le Roux et al., 2006; Cordier et al., 2007; France et al., 2009a; Wanless et al., 2010; Wanless et al., 2011; Koepke et al., 2011; France et al., 2013) , but rather to provide tools to track that contamination. In this study we present for the first time the major and trace element composition of what we believe to be the principal crustal contaminant of MORB (Tables 1, 2 , 3; Figure 7 ). In order to provide a way to track this crustal contamination component in MORB, we here calculate the global apparent partition coefficients (KD 0 ) that governed element partitioning during the hydrous partial melting experiments (Equation (2); Figure 9b ; Table 5 ). We suggest that these coefficients will be useful for identifying MORB contamination in future data sets.
KD 0 represents the element partitioning between the residual assemblage and the anatectic melt formed at 955°C. The KD 0 values illustrated in Figure 9b have been ordered following the order of decreasing incompatibility during mantle melting (Sun and McDonough, 1989 ).
This ordering allows us to highlight the differences in element behavior (i.e., in KD 0 ) between the mantle melting process that generated primitive melts, and the anatexis process at the magma chamber roof that can skew MORB signatures. Significant KD 0 positive anomalies are observed for Ba, Th, Sr, Eu, Ti and V relative to neighbor elements, and a Zr-Hf negative anomaly; those anomalies reflect the partition coefficients of elements between the residual minerals and the melt. The compatible behavior (KD 0 >1) of Sr attests to the large amount of plagioclase in the residue (also consistent with the weak incompatibility of Eu) which also explain the Zr-Hf negative anomalies as these elements are strongly incompatible in plagioclase (Aigner-Torres et al., 2007; Drouin et al., 2009 ). The compatible behavior of Ti and V attests to the presence of titanomagnetite in the residue. In agreement with estimates based on natural samples 2009a , oxygen fugacity varied in our experiments between FMQ+1.2 and +1.6. It should be noted here that more reducing conditions would result in an enrichment in Ti and V in the anatectic melt as titanomagnetite would be stabilized at lower temperature (lower degree of partial melting). In this case Zr-Hf, and Nb-Ta K D s associated with the anatectic process would be even lower as those elements are relatively enriched in oxides.
Element fractionations presented in section 3.1 can also be used to track the presence of a crustal contamination component in MORB composition. Particularly sensitive are strongly incompatible elements (as Ba, Nb, Ta, Th, Rb…) for which element ratios are believed to remain mostly unchanged during both mantle melting and partial or fractional crystallization processes (e.g., O'Neill and Jenner, 2012) . Especially when compared to the starting material composition (Figure 6 ), anatectic melts are enriched in U relative to Ba, Nb, and Th, in Nd relative to Sr, and in Hf relative to Sm; more generally, Zr-Hf are enriched relative to LREE, and LREE and MREE are enriched relative to Sr. Depletions in Sr, Ti, V relative to uncontaminated MORB are also expected (Figure 9b ). Fractionation of Th relative to U also raises the possibility that contamination at magma chamber roofs may create U-series disequilibria, contributing to the global signal recorded by MORB (Elliott and Spiegelman, 2003) .
As previously proposed by Gillis et al. (2003) , volatile elements (e.g., boron) can be enriched in MORB through assimilation occurring at magma chamber roofs as hydrothermally altered rocks are boron enriched (e.g., Sano et al., 2008) . The hydrothermally altered starting material used in the present study is strongly enriched in boron in comparison to unaltered MORB (Table X) ; associated anatectic melts are consequently strongly enriched in comparison to N-MORB (up to 15 times). Boron therefore appears to be one of the sensitive proxies to track MORB crustal contamination.
Finally, because it was not possible to analyze the smallest melt pockets present in the low melt fraction experiments, we can expect that the trace element concentrations determined herein for the main MORB crustal contaminant are minimum and maximum values for incompatible and compatible elements, respectively.
Conclusion
It is assumed that most of the magmas forming the upper oceanic crust at fast spreading ridges (including MORB) were fed by the small melt lens sandwiched between the top of the main magma chamber below and the sheeted dike complex above (Figure 1 ). This melt lens is a dynamic horizon that can migrate up, down and / or laterally, with the potential to reheat, melt, and assimilate the previously hydrothermally altered melt lens roof. In the present study, the anatectic processes occurring in that horizon are simulated experimentally. Major and trace element compositions of anatectic melts and residual assemblages are presented and compared with natural samples from the EPR and from the Oman ophiolite.
The residual assemblages of the experiments reproduce the natural hornfelses (dry to hydrous, fine-grained granoblastic gabbronorites) that form the root of the sheeted dike complex, and the experimental anatectic melts reproduce natural oceanic plagiogranites from the dike / gabbro transition (i.e., at the magma chamber roof). These results provide strong evidence of ongoing anatectic processes at the top of the axial melt lens, and the means to quantify the resulting contamination of MORB melts at fast-spreading mid-ocean ridges.
The process of mixing the anatectic melt with fresh MORB from the melt lens is discussed and the melts are inferred to represent the principal crustal contaminant in MORB. The
anatectic melt composition appears to be consistent with the previously identified composition of the inferred crustal contaminant in MORB from the EPR (e.g., Le Roux et al., 2006; Wanless et al., 2010) . In comparison to N-MORB, anatectic melt displays enrichment in B, and in Zr-Hf, and depletions in Sr, Ti, V. In comparison to the specific starting material used in the experiments, element fractionations are generated with enrichments in Zr-Hf relative to LREE, in U relative to Ba, Th, and Nb, and in LREE and MREE relative to Sr. The analyzed compositions allow us to calculate global apparent partition coefficients KD 0 between hydrous melts and residues, which can be used to model MORB crustal contamination.
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